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We have derived a general formula for sensitivity optimization of gravimetric 
sensors and use it to design a high precision and high sensitivity gravimetric sensor 
using unidirectional carbon fiber epoxy composite (CFEC) guiding layer on single 
crystal Mn-doped yPb(In1/2Nb1/2)O3-(1-x-y)Pb(Mg1/3Nb2/3)O3-xPbTiO3 
(Mn:PIN-PMN-PT) piezoelectric substrate. The normalized maximum sensitivity 
( )
max
f
mS   exhibits a decreasing tendency with temperature up to 55℃. For the 
CFEC-on-Mn:PIN-PMN-PT sensor configuration with  = 24 m at 25℃, the 
maximum sensitivity 
max
f
mS  can reach as high as 760.88 cm
2/g, which is nearly 
twice that of traditional SiO2/ST quartz configuration gravimetric sensor. 
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Surface acoustic wave sensors have been employed in liquids and gases for 
immunoassay formats, gas detections, etc.1-3 It is known that Love waves exist only 
when a thin layer is attached on a substrate, and the velocity of the shear wave in the 
layer must be slower than that in the substrate.4 By analyzing the gravimetric sensors 
made of fused quartz, polymethylmethacrylate (PMMA), ZnO, SiO2, etc., as the 
waveguide layers, a general guideline for the improvement of the mass sensitivity has 
been summarized: the waveguide layer materials should have low shear velocity, low 
density, and low acoustic attenuation.5-6 The Love wave device with polymer guiding 
layers provides not only excellent mass loading sensitivity, but also good temperature 
stability.7 In addition, the elastic property of carbon fiber epoxy composites (CFEC) is 
almost invariable from 25℃ to 55℃.8 And the CFEC provides acoustic impedance 
comparable to that of aluminum, which means low acoustic loss.9 Hence, the 
unidirectional carbon fiber epoxy composite (CFEC) is selected as the waveguide 
material in this work. In a Love mode sensor, the insertion loss can be reduced by 
selecting a substrate with a larger electromechanical coupling coefficient.10 In resent 
years, Mn-doped rhombohedral phase ternary single crystal 
yPb(In1/2Nb1/2)O3-(1-x-y)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (Mn:PIN-PMN-PT) has attracted 
considerable attention for its outstanding piezoelectric properties and high mechanical 
quality factor.11 It was report that the ternary PIN-PMN-PT single crystals have 
higher phase transition temperatures (TRT and TC), which are advantageous for higher 
temperature applications.12-15 The Mn:PIN-PMN-PT ternary single crystal has a lower 
pyroelectric coefficient, lower relative permittivity, and smaller dielectric loss 
compared to the binary ones.16 In addition, the Mn:PIN-PMN-PT single crystals 
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possess high piezoelectric constants and electromechanical coefficients,17 which help 
enhance the efficiency of a transducer in converting electrical to mechanical energy 
(and vice versa). For these reasons, this work uses Mn-doped 
0.24PIN-0.46PMN-0.30PT ternary single crystal as the substrate material of the 
gravimetric sensor. In order to design high precision and high sensitivity gravimetric 
sensors with temperature compensation, it is important to know the relationship 
between the normalized sensitivity and environmental temperature. 
Partial wave theory is the most commonly used method for analyzing acoustic 
wave propagation in anisotropic media.18-21 In this work, we derived the dispersion 
equation by employing partial wave theory for a specific sensor structure using 
Mn-doped PIN-PMN-PT ternary single crystal poled along [001]c pseudo-cubic 
direction as the substrate. Based on modal analysis, optimal parameters have been 
derived for designing a gravimetric sensor with a CFEC-on-Mn:PIN-PMN-PT 
configuration. This letter reports the characterization of the temperature dependence 
for the normalized sensitivity from 25℃ to 55℃ and optimal design for the 
normalized waveguide thickness of the sensor. 
The wave guiding layer and piezoelectric substrate are bonded as shown in 
Fig.1. It is a basic structure supporting Love waves without loading layer. The 
guiding layer is unidirectional CFEC with the fibers are parallel to the x2-axis, which 
is perpendicular to the wave propagation direction. The substrate is Mn-doped 
0.24PIN-0.46PMN-0.30PT ternary single crystal poled along [001]c pseudo-cubic 
direction. It is assumed that the [100]c pseudo-cubic direction of the single crystal is 
along the x1 direction. The elastic wave equations in the media are given by 
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where ρ is the density, cijkl is the elastic stiffness tensor component at constant electric 
field, ekij is the piezoelectric coefficient tensor component at constant strain, and εik is 
the dielectric permittivity tensor component at constant strain. The particle 
displacements and the electric potential in the media can be written as 
3 1exp(i )exp[i ( )]kbx k x t =j ju v ,                   (2a) 
4 3 1exp(i )exp[i ( )]kbx k x t  = v ,                   (2b) 
where v is the phase velocity, k is the magnitude of wave vector k, b is the decay 
coefficient along x3, α’s give the relative amplitudes. Since the guiding layer thickness 
h is finite and the substrate is considered infinite half-space (the thickness of substrate 
is much greater than the wavelength), the general solutions of displacements and the 
electric potential can be written as22 
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where, Cn and Cm are weighting factors of these partial waves in the guiding layer 
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and substrate, respectively. The symbols marked with ‘^’ are parameters of the 
waveguide layer to distinguish them from that of piezoelectric substrate. 
The particle displacements and the three components of stress must be 
continuous across the interface (x3 = 0) assuming no slippery interface. The electrical 
boundary conditions involve the continuity of the electric potential and the normal 
component of the electric displacement across both the surface and the interface. At 
the surface (x3 = h) of the basic structure, the traction must vanish. In the coordinate 
system shown in Fig. 1, the boundary conditions of the problem are as follows: 
1 1= ˆu u , 2 2= ˆu u , 3 3= ˆu u , 31 31= ˆT T , 32 32= ˆT T , 33 33= ˆT T , ˆ = , 3 3ˆD D= , ( 3 0=x ),  (4a) 
31 0=Tˆ , 32 0=Tˆ , 33 0=Tˆ , 3 0ˆ ˆD k = , ( 3 =x h ).                            (4b) 
The traction stresses are expressed by 
3 3 3( / ) ( / )=     j jkl k l k j kT c u x e x ,                    (5) 
and the normal component of the electric displacement is given by 
3 3 3( / ) ( / )kl k l k kD e u x x =      .                      (6) 
When being poled along [001]c, the Mn-doped 0.24PIN-0.46PMN-0.30PT 
ternary single crystal has a 4mm macroscopic symmetry. The 
CFEC-on-Mn:PIN-PMN-PT structure fits the NP53 symmetry.22 The [001]c poled 
Mn-doped 0.24PIN-0.46PMN-0.30PT ternary single crystal is used as the substrate, 
and the wave propagation is along the x1 direction in our design. It should be pointed 
out that the unidirectional CFEC is not elastically isotropic. Substituting Eq. (2) and 
material constants from Table I & Ref. [24] into Eq. (1), and using Eqs. (3)–(6), we 
can derive the dispersion relation of Love waves: 
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distributions of Love mode displacements, which are normalized to the values at the 
surface (x3 = h), can be expressed as: 
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In practical device configurations, a thin loading layer (density 3, shear 
modulus 3, shear wave velocity vS3 and thickness d) is generally loaded on the 
surface of the guiding layer. Based on the perturbation theory,25 the relative frequency 
sensitivity definition for a gravimetric sensor is given by4-5,9 
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where 0f f f =  , f and f0 are the oscillation frequencies at perturbed and 
unperturbed cases, respectively, sm  is the mass per unit area, and ( )h  is given by 
3 3
2 20 (2) (1)
3 3( ) ( )0
( )
ˆx xh
h U dx U dx



 =   .                   (11) 
When the Rayleigh hypothesis is applicable, i.e., when the elasticity of the 
loading layer can be ignored 23 3 3( 0)S  = =v , the sensitivity equation becomes: 
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Substituting Eqs. (8)-(9) into Eq. (11) then into Eq. (12) gives the final sensitivity 
equation: 
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2
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The dispersion curves of Love waves for an unidirectional CFEC guiding layer 
on Mn:PIN-PMN-PT ternary single crystal piezoelectric substrate basic structure at 
25℃ are shown in Fig. 2. Each dispersion curve starts at the shear horizontal (SH) 
wave velocity (2809.9 m/s) of the Mn:PIN-PMN-PT ternary single crystal. At this 
speed, all higher order Love modes have low-frequency cutoffs. At high frequencies, 
the phase velocities of all Love modes approach asymptotically to the shear wave 
velocity 1916 m/s in CFEC. At other temperatures (T = 30, 35, 40, 45, 50, 55℃), we 
can obtain similar dispersion curves. However, it must be pointed out that the SH 
wave velocity (2761.1 m/s at 55℃) in the substrate decreases with temperature, 
while the low-frequency cutoffs of higher order Love modes have the rising trend. 
Fig. 3 shows the normalized sensitivity fmS   for the first four modes of the 
CFEC/Mn:PIN-PMN-PT configuration at 25℃. We find that the first-order mode 
possesses the highest ( )
max
f
mS  . For the first-order mode, the optimal ratio of the 
waveguide thickness to the wavelength is (h/)opt = 0.2691 the normalized 
maximum sensitivity is ( )
max
f
mS  = 1.8261 (10
-3m3/kg) which is nearly twice that 
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of traditional fused quartz/ST quartz structure sensor.4 Since the wavelength used in 
Ref. [26] was 24 m, for the CFEC/Mn:PIN-PMN-PT configuration at 25℃, the 
optimal design parameters lead to: h = 6.46 m and the maximum sensitivity of 
max
f
mS = 760.88 (cm
2/g) which is a much higher sensitivity than 400 cm2/g for a 
traditional structure. 
Fig. 4 shows the normalized sensitivity fmS   for the first-order mode at 
different temperatures. The peak data from Fig. 4 are listed in Table Ⅱ, which reveal 
that the normalized maximum sensitivity ( )
max
f
mS  decreases with temperature, 
meanwhile, the optimal ratio (h/)opt exhibits a slow increasing tendency, while both 
elastic constants 44
Ec ＆ 66
Ec  exhibit a decreasing tendency. 
The data points shown in Fig. 4 are the simulation results of the normalized 
maximum sensitivity and optimal ratio of normalized layer thickness at different 
temperatures. The solid lines in Fig. 5 are fitted results, which can be described by 
the following equations: 
( )
max
f
mS  = 1.85722-7.11431×10-4T-1.90938×10-5T2 (10-3m3/kg)     (14) 
(h/)opt = 0.25978+4.18431×10
-4T-2.27476×10-6T2                (15) 
From Figs. 4-5 & Table Ⅱ, one can find that the changing trend of normalized 
maximum sensitivity ( )
max
f
mS   is strongly dependent on the change of elastic 
constants 44
Ec ＆ 66
Ec  of the piezoelectric substrate with temperature. Though the 
optimal design (h/)opt has a slight increasing trend, it is approximately invariant 
from 25℃ to 55℃. At the optimal design points (h/)opt, the velocity values (vopt) of 
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the first-order mode Love waves have a decreasing tendency with increasing 
temperature as shown in Table Ⅱ. And for a given thickness h, the sensitivity can 
be always raised by increasing the operation frequency in a specified sensor 
configuration,4 obviously for a fixed wavelength (e.g. 24 μm), the operation 
frequency values at the optimal points have a decreasing trend with temperature. 
Because the unidirectional CFEC can be fabricated by different carbon proportions, 
some changes of the elastic constants, density, acoustic impedance and thermal 
stability could be beneficial for improving the performance of the sensor. In addition, 
the design changes of the fibers direction may bring some benefits. Therefore, the 
CFEC is a very promising waveguide material and the high electromechanical 
coefficient of Mn:PIN-PMN-PT ternary single crystals with good temperature 
stability certainly make it an ideal substrate. 
This research was supported in part by the NSFC under Grant No. 11304061 and 
51572056. 
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TABLE I. Material constants of the unidirectional carbon fiber epoxy composite 
(CFEC) for the fibers are parallel to the x2-axis. 
Elastic constants (1010 N/m2) Density (kg/m3) 
11c  12c  22c  23c  44c  55c
 66c    
1.37 0.67 0.71 12.6 0.58 0.33 0.58 1580 
   aRef. [23] 
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TABLE Ⅱ. Normalized maximum sensitivity ( )
max
f
mS   and optimal design of 
normalized layer thickness (h/) for the first-order mode device with unidirectional 
CFEC/Mn:doped 0.24PIN-0.46PMN-0.30PT configuration at different temperatures. 
Temperature (℃) 
( )
max
f
mS   
(10-3m3/kg) 
( )
opt
h   
vopt 
(m/s) 
66
Ec  
(1010 N/m2)a 
44
Ec  
(1010 N/m2)a 
25 1.8261 0.2691 2492.0 6.409 6.171 
30 1.8204 0.2701 2488.2 6.390 6.137 
35 1.8099 0.2710 2484.0 6.353 6.101 
40 1.7981 0.2731 2476.5 6.312 6.063 
45 1.7858 0.2744 2471.1 6.269 6.023 
50 1.7722 0.2752 2467.1 6.222 5.982 
55 1.7618 0.2757 2464.2 6.188 5.930 
aRef. [24] 
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Figure captions 
Fig. 1. Illustration of the sensor design and the coordinate system. 
Fig. 2. Dispersion curves of Love waves at 25 .℃  
Fig. 3. Normalized sensitivity fmS   for the first four modes at 25 .℃  
Fig. 4. Normalized sensitivity fmS   for the first-order mode device with 
unidirectional CFEC/Mn-doped 0.24PIN-0.46PMN-0.30PT configuration at different 
temperatures. 
Fig. 5. Fitted curves of normalized maximum sensitivity ( )
max
f
mS   and optimal 
design of normalized layer thickness (h/) for the first-order mode device with 
unidirectional CFEC/Mn-doped 0.24PIN-0.46PMN-0.30PT configuration from 25  ℃
to 55 .℃  
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